S
taphylococcus aureus is a frequent cause of life-threatening sepsis. It expresses multiple virulence factors, which contribute to its survival in the host and help its evasion from immune responses. Staphylococcal lipoproteins (Lpp) 3 comprise a large family of membrane-anchored proteins. In the S. aureus genome, Ͼ50 genes harbor the type II signal sequence typical for Lpp, 35 of which can be associated with a known or predicted function; many of them are part of ABC transporters and are involved in nutrient acquisition (1) . Predominant Lpp are SitC (2) , which is the binding protein of the staphylococcal iron transporter SitABC; PrsA, the peptidyl-prolyl cis-/trans-isomerase involved in protein folding; and OppA, the oligopeptide permease (1) . Besides SitC, several characterized staphylococcal Lpp are involved in iron transport as siderophore binding parts of ABC transporters (FhuD1/FhuD2, SirA, SstD) (2-5) and as binding proteins for heme iron and transferrin iron (IsdE and HtsA) (6, 7) .
Lpp are synthesized as pre-Lpp with an N-terminal signal sequence containing a conserved C-terminal lipobox. A diacylglyceryl moiety is transferred to the invariant C-terminal cysteine by the lipoprotein diacylglyceryl transferase (Lgt). The signal peptide of pro-Lpp is cleaved by the lipoprotein signal peptidase (LspA) (8) . While in Gram-negative bacteria Lpp are further modified at the diacylglyceryl-cysteine by N-acyltransferase (Lnt), a homolog of Lnt was not identified in S. aureus, suggesting diacylated Lpp. The N-terminal part of an isolated staphylococcal Lpp was characterized as diacylated protein (9) , whereas another study found evidence for triacylation of the Lpp SitC by a yet unknown enzyme (10) .
Lpp purified from several pathogens, including S. aureus, as well as the synthetic lipopeptides Pam 3 CysSerLys 4 (Pam 3 Cys) (11, 12) and Pam 2 CysSerLys 4 (Pam 2 Cys), mirroring the tri-and diacylated Lpp of bacteria, are known to activate TLR2 (10, (13) (14) (15) (16) (17) (18) . The three lipid chains of Pam 3 Cys mediate the heterodimerization of the TLR1 and TLR2 receptor (12, 19) . Diacylated Lpp signal by TLR2/6 dimers, and crystallization modeling predicted binding of lipid chains to TLR2 and stabilization by TLR6 (19) . Activation of TLR2 by synthetic lipopeptides leads to induction of cytokines, chemokines, adhesins, and nitrite in macrophages and epithelial cells (11) . The complexity of TLR2 in recognition becomes obvious since staphylococcal lipoteichoic acids (LTA) have been shown to trigger the immune response (20 -22) . However, Lpp rather than LTA seem to be the dominant TLR2 stimuli in S. aureus strains (1, 10, 13, 18, 23) .
Inactivation of Lpp maturation in S. aureus, Mycobacterium tuberculosis, Listeria monocytogenes, Streptococcus pneumoniae, and Bacillus subtilis resulted in reduced growth under stress conditions or in the presence of phagocytes in vitro (1, (23) (24) (25) (26) (27) . Moreover, S. aureus and group B streptococci lgt gene deletion mutants (⌬lgt) were found to release abundant pre-Lpp possibly by shedding precursor Lpp (1, 28) . Lpp maturation is required for virulence of M. tuberculosis and S. pneumoniae in vivo (25, 26, 29) . In contrast, ⌬lgt mutants in S. aureus and group B streptococci were hypervirulent in vivo and induced less cytokines in vitro (1, 23, 28).
TLR2-MyD88 signaling seems to play an important role in systemic infection with S. aureus, since TLR2
Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice succumb to infection (30) . A study described a hypervirulent phenotype of S. aureus ⌬lgt in sepsis (23) . However, it remains to be elucidated whether this phenotype is linked to impaired TLR2 signaling in the host. Therefore, we investigated why Lpp maturation is an advantage for S. aureus even though this maturation leads to recognition by TLR2 resulting in a strong immune response and control of infection.
Here we show that on the one hand, Lpp maturation is important for induction of TLR2-MyD88-mediated inflammation in vitro and in systemic infection. However, enhanced inflammation caused by SA113 wild type (wt) is associated with a higher bacterial load in organs of infected C57BL/6, TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice. We then reveal that on the other hand, Lpp maturation is fundamental for iron uptake and by this promotes growth of S. aureus. Thus Lpp-mediated growth and survival of S. aureus is counteracted by MyD88-mediated inflammation in vivo.
Materials and Methods

Mice
Mice were bred under specific pathogen-free conditions in the Animal House of the Department of Biomedicine, University Hospital Basel, according to the regulations of Swiss veterinary law. MyD88
Ϫ/Ϫ mice were a kind gift from W. D. Hardt (ETH Zürich) and TLR2 Ϫ/Ϫ from W. J. Rieflin (Tularik), all backcrossed on C57BL/6 background for 10 generations. Mice were euthanized by CO 2 or i.p. injection of 500 mg/kg Thiopenthal (Abbott Laboratories).
Bacterial strains and growth conditions
SA113 wt (American Type Culture Collection 35556), its isogenic mutants lgt::ermB (⌬lgt), and pRBlgt-complemented SA113 ⌬lgt, described in detail previously (1), were used in this study. Newman wt (31) (own strain collection) and the Newman ⌬lgt mutant, generated exactly as described for SA113 (1), were used for additional experiments.
Bacteria were grown in trypticase soy broth for 7 h and subcultured overnight under the same conditions. Overnight cultures were washed in 0.9% NaCl (Bichsel, Switzerland) and used for sepsis. Each inoculum was assessed by CFU/ml counting on Mueller-Hinton agar (MHA) plates. For NF-B activation and cytokine induction, bacteria were further subcultured in trypticase soy broth to end-log phase. When appropriate, trypticase soy broth was supplemented with 10 g/ml erythromycin.
Growth under iron-depleted conditions was done as previously published (32) with modifications. Briefly, bacteria were cultured in RPMI 1640 with 250 M dipyridyl (DIP; Sigma-Aldrich) overnight at 37°C without shaking, then subcultured at 37°C with 120 rpm in RPMI treated for 1 h with 6% Chelex (Sigma-Aldrich) supplemented with divalent cations. Iron availability was restored with 20 M FeSO 4 , 20 M FeCl 3 , or 10% iron dextran (Serumwerk Bernburg). CFU/ml were assessed by plating serial dilutions on MHA plates.
For survival of S. aureus in murine mouse plasma, blood was collected by cardiac puncture in hirudin. Plasma was separated from contaminating cells by centrifugation and infected with S. aureus strains. Growth was assessed by plating serial dilutions on MHA plates.
Preparation of peritoneal macrophages
Mice were i.p. injected with 2 ml of 3% thioglycolate (BD Biosciences). Three to 4 days later, peritoneal exudate cells were collected from the peritoneal cavity by washing with 6 ml of cold RPMI 1640 complete (5% FBS, 2 mM glutamate, 1 mM sodium pyruvate, 1.5 mM HEPES, nonessential amino acids). Erythrocytes were lysed and 1 ϫ 10 6 cells/ml were seeded either in 24-well plates for cytokine production or in 16-well chamber slides for NF-B activation assays. Adherent macrophages were infected with 1 ϫ 10 7 CFU/ml viable S. aureus strains in RPMI 1640 complete.
Macrophage cytokine assays
Supernatants were replaced 1 h after phagocytosis with RPMI 1640 complete containing 100 g/ml gentamicin. Supernatants were collected at 2 and 18 h postinfection and TNF, IL-1␤, IL-6, IL-10, and MIP-2 were determined by ELISA according to instructions from BD Biosciences and for MIP-2 from R&D Systems.
NF-B translocation assay
Macrophages were stimulated with bacteria. After 20 and 120 min, extracellular bacteria were degraded by 20 U lysostaphin (Genmedics). Cells were washed with PBS and fixed in polylysin-paraformaldehyde solution (2.14 g/L periodate, 13.7 g/L lysine, 2% paraformaldehyde). Cells were incubated with polyclonal rabbit anti-mouse NF-B p65 Ab (eBioscience) in PBS containing 2% normal goat serum, and further incubated with biotinylated goat-anti-rabbit Ab (Vector Laboratories). ABC kit solution (Vector Laboratories) was added and visualized with AEC solution (Dako). Nuclei were counterstained with hematoxylin, cells were mounted in Kaiser's glycerol gelatin (Merck), and nuclear localization of NF-B was analyzed by light microscopy.
Sepsis model
Sepsis was induced in female C57BL/6, TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice aged 6 -8 wk. S. aureus (1 ϫ 10 6 to 1 ϫ 10 8 CFU) in 200 l of 0.9% NaCl was injected into the lateral tail vein. For iron overloading, mice were i.p. injected with 2 mg of iron dextran (Serumwerk Bernburg) 3 h before infection. After infection, weight development was measured. Blood was collected by cardiac puncture in EDTA. Animals were perfused into the left ventricle with Ringer's solution; spleens, livers, both kidneys, and both knees were collected and homogenized in a 1 ml vol of 0.9% NaCl. Cytokines and chemokines were determined in plasma and spleen homogenates by ELISA (see "Macrophage cytokine assays"). Bacteria were assessed in blood and tissue homogenates by serial dilutions in 0.9% NaCl plated on MHA plates. Organs were fixed with paraformaldehyde, embedded in paraffin, and stained with H&E or Berlin blue to stain iron. Infiltrates, defined as accumulation of Ͼ20 leukocytes without central necrotic area, were enumerated by light microscopy at a magnification of ϫ10 in three randomly selected areas of H&E-stained organ sections. For cryosections, tissues were frozen and stained by immunohistochemistry as previously described (33) with anti-CD45, anti-CD11b, anti-BM8, or antiGr-1 Abs. Microscopic analysis was performed with CellP analysis software in an Olympus BX61 microscope.
Splenocyte stimulation in vitro
Splenocytes from infected mice were isolated 1 day after injection, mechanically disrupted (70-m meshes), followed by lysis of erythrocytes and resuspension in RPMI 1640 complete. In 24-well plates, 1 ϫ 10 6 cells were infected for 1 h with the same viable bacteria as used for infection at a ratio of bacteria/splenocytes of 1:1. For further 18 h of incubation, gentamicin was added to the cells to prevent bacterial growth. Supernatants were collected and cytokines were analyzed by ELISA as done for macrophages (see "Macrophage cytokine assays").
Streptonigrin assay and 55 Fe uptake
Bacteria from overnight cultures or ex vivo after homogenization of kidneys from infected C57BL/6 mice were exposed to 2 g/ml of streptonigrin (34) at 37°C for 30 min. CFU/ml were assessed before and after exposure by plating serial dilutions on MHA plates. For 55 Fe uptake experiments, bacteria were grown in Chelex-treated M9 minimal medium (1% casamino acids and 5% MEM vitamin solution). The medium was treated with 200 M DIP. Bacteria were harvested at an OD 578 of 0.8 -1.0, washed twice with M9 transport medium (Chelextreated 1ϫ M9 salts, 1 ml of 1 mM MgSO 4 , 0.1% glucose) at 4°C, and resuspended in M9 transport medium to OD 578 of 1.0. After incubation at 37°C for 5 min with shaking, 55 Fe-reduced with ascorbate (100 M (5.5 kBq/ml)/100 mM ascorbate) was diluted 100-fold in the bacterial suspension. Samples were taken at the indicated times, filtered on mixed cellulose GN-6 Metricel membrane filters (Pall), washed twice with 0.1 M LiCl solution, dried, and counted with a liquid scintillation counter.
Statistical analysis
In Kaplan-Meier plots, log rank test was used to compare sepsis survival among infected mice. A two-way ANOVA test was used for statistical analyses of cytokines and NF-B in macrophages in vitro and for weight loss of mice after infection. CFU in organs, cytokines in plasma, or splenocyte restimulation assays were analyzed with Mann-Whitney. Statistical analysis was done with Prism 5.0a (GraphPad Software). A p value of Ͻ0.05 was considered statistically significant.
Results
Lpp induce inflammation via TLR2 and MyD88 in vitro
We first investigated the effect of Lpp on induction of selected macrophage products, which are implicated in the pathogenesis of sepsis (35) . Therefore, we infected peritoneal macrophages of C57BL/6 and TLR2 Ϫ/Ϫ mice with viable S. aureus SA113 wt and ⌬lgt to assess NF-B activation, cytokines, and MIP-2 levels. SA113 wt but not ⌬lgt induced NF-B in C57BL/6 macrophages after 20 min, whereas infected TLR2 Ϫ/Ϫ cells showed no activation until 2 h (Fig. 1A) . TNF, IL-10, IL-6, and MIP-2 were induced by SA113 wt through TLR2 signaling early after infection (2 h). These cytokines were absent or less induced by SA113 ⌬lgt and/or in the absence of TLR2 (Fig. 1 , B-D and F). IL-1␤ was not detectable after 2 h (Fig. 1E ). Late after infection (18 h), TNF levels remained high in the presence of Lpp; however, in their absence TNF was overshooting (Fig. 1B) . IL-10, IL-6, and IL-1␤ remained partially Lpp-TLR2-dependent, while MIP-2 was independent ( Fig. 1C-F ). Results obtained with SA113 ⌬lgt-pRBlgt in C57BL/6 cells were comparable to those of SA113 wt (Fig. 1) .
Cytokine release required MyD88-mediated signals in macrophages, since none of the strains induced cytokines in MyD88 Ϫ/Ϫ macrophages (data not shown). Taken together, these data show that Lpp of SA113 induce inflammatory mediators, which are relevant in sepsis, by TLR2-MyD88 signaling.
Staphylococcal Lpp increase bacterial growth and inflammatory response in vivo
Recently, Bubeck Wardenburg et al. showed better survival of C57BL/6 mice infected with 5 ϫ 10 6 CFU of S. aureus Newman wt than with the ⌬lgt mutant. The authors attributed this answer to a stronger immune response in S. aureus wt compared with ⌬lgt-infected mice (23) . In our survival studies with S. aureus SA113, 10 8 CFU led to similar death in 20% of wtinfected mice (n ϭ 9) and 25% in ⌬lgt-infected mice (n ϭ 9) after 9 days.
We next examined the role of Lpp in S. aureus on growth in vivo. C57BL/6 mice were infected with 1 ϫ 10 7 CFU of SA113 wt and ⌬lgt and showed a similar weight loss during 9 days of infection ( Fig. 2A) . After 1 day, bacterial load of SA113 wt and ⌬lgt was similar in all examined organs from C57BL/6 mice (data not shown). However, on day 9 after infection, bacterial load of SA113 wt in spleen, kidneys, and knees of C57BL/6 mice was significantly higher compared with ⌬lgt (Fig. 2B) , while bacterial load in liver was slightly, albeit not significantly, higher after infection with SA113 wt (Fig. 2B) .
These data suggest that S. aureus Lpp are advantageous for bacterial growth in organs during a persistent infection.
We further studied whether bacterial growth was related to induction of inflammatory mediators by Lpp in vivo. Therefore, we 
FIGURE 2. Lpp enhance virulence of S. aureus in sepsis.
A-F, C57BL/6 mice infected with 1 ϫ 10 7 CFU of SA113 wt (filled) and SA113 ⌬lgt (open). A, Weight loss of mice during infection and (B) bacterial load in spleen, liver, both kidneys, and both knees on day 9. C, Plasma IL-6 level 1 and 9 days after infection. D, One day after infection, isolated splenocytes were restimulated with the corresponding strain for 24 h in vitro. TNF, IL-6, IL-10, IL-1␤, and MIP-2 in supernatants were analyzed by ELISA. E, Anti-CD45 and anti-BM8 immunohistochemistry of frozen liver sections from mice infected with SA113 wt. F and G, Histological analysis of H&E-stained liver sections after infection with SA113 wt and ⌬lgt on day 9 and quantification of abscesses and infiltrates by microscopy. Data are represented as means Ϯ SD for weight loss and cytokines and median for CFU/mg and numbers in liver sections of at least six mice per group. Significant differences between wt and ⌬lgt are indicated as follows: ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01. determined the cytokines in plasma of C57BL/6 mice after infection with SA113 wt and ⌬lgt. After 1 h of infection, IL-6 levels were higher with SA113 wt compared with ⌬lgt (mean Ϯ SD, 671 Ϯ 251 and 95 Ϯ 164 pg/ml; p Ͻ 0.05), but the difference was abolished 4 h after infection (SA113 wt 450 Ϯ 431 pg/ml vs ⌬lgt 234 Ϯ 405 pg/ml). One day after infection, TNF, IL-10, IL-1␤, and MIP-2 were not detectable in plasma (data not shown). IL-6 levels in plasma were comparable after infection with SA113 wt and ⌬lgt and rose considerably to similar levels after 9 days (Fig. 2C) , indicating no systemic cytokine regulation by staphylococcal Lpp in SA113. To examine organ-specific induction of cytokines mediated by Lpp, splenocytes were isolated 1 day after infection and restimulated for 24 h in vitro with the same strain as used in vivo. Both strains induced all mediators to a similar extent except IL-1␤, which was exclusively produced in response to SA113 wt (Fig.  2D) , suggesting that Lpp mediate a local regulation of cytokines in infected organs.
To assess the importance of staphylococcal Lpp in persistent tissue infection, we enumerated abscesses and infiltrates in liver sections from wt-and ⌬lgt-infected C57BL/6 mice on day 9. Infiltrates after infection with either SA113 wt or ⌬lgt were composed of CD45 ϩ leukocytes, BM8 ϩ macrophages (Fig. 2E) , and CD11b ϩ monocytes, whereas Gr-1 ϩ granulocytes were rarely recruited (data not shown). However, more infiltrates and abscesses were found after infection with SA113 wt than with ⌬lgt (Fig. 2,  F and G) . Increased monocyte infiltrates in SA113 wt-infected livers correlated with increased levels of MIP-2 (81 Ϯ 32 vs 41 Ϯ 19 pg/ml, p Ͻ 0.001) and KC (968 Ϯ 454 vs 617 Ϯ 153 pg/ml, p Ͻ 0.05) in spleen after infection with SA113 wt compared with ⌬lgt on day 9. In summary, mature Lpp in S. aureus allowed a better growth in organs and elicited an early stronger release of IL-1␤ and induced late chemokines accompanied by increased monocytic infiltration. The results indicate that Lpp support growth and survival of S. aureus despite eliciting an immune response.
Lpp have a TLR2-and MyD88-independent effect on bacterial growth in vivo
Our cytokine data revealed a role of TLR2 in sensing staphylococcal Lpp after stimulation of macrophages in vitro. To examine the contribution of TLR2 to the innate response in vivo, we infected TLR2
Ϫ/Ϫ mice with SA113 wt and ⌬lgt. SA113 wt induced a higher weight loss (28%) than did ⌬lgt (16%) in infected mice (Fig. 3A) . Bacterial load in TLR2 Ϫ/Ϫ organs was higher after infection with SA113 wt than with ⌬lgt (Fig. 3B) . SA113 wt and ⌬lgt did not induce TNF, IL-10, IL-1␤, and MIP-2 in mouse plasma, and IL-6 was independent of Lpp (data not shown). In restimulated splenocytes of infected TLR2 Ϫ/Ϫ mice, TNF, IL-6, IL-10, IL-1␤, and MIP-2 were independent of staphylococcal Lpp and lower than in restimulated splenocytes from C57BL/6 mice (Fig. 3C) . Compared with C57BL/6 mice (Fig. 2, A and B) , TLR2 Ϫ/Ϫ mice showed significantly more weight loss (Fig. 3A ) and significantly higher bacterial load in kidneys and knees (Fig.  3B) after infection with SA113 wt ( p Ͻ 0.001 and p Ͻ 0.01, respectively), but not after infection with ⌬lgt.
MyD88 Ϫ/Ϫ mice lack a macrophage inflammatory response and succumb to infections with staphylococci (30) . Since S. aureus Lpp enhanced growth and inflammation in systemically infected C57BL/6 mice, we used MyD88 Ϫ/Ϫ mice to avoid strong inflammation and analyzed the Lpp-mediated growth of S. aureus. Infected MyD88 Ϫ/Ϫ mice slowly lost weight, but weight loss was more severe with SA113 wt than with ⌬lgt (Fig. 3D) . Bacterial load of mice infected with SA113 wt was higher in all organs than with ⌬lgt (Fig. 3E) . Interestingly, bacterial load in liver was dramatically reduced compared with C57BL/6 and TLR2 Ϫ/Ϫ mice, while all other organs had increased bacterial numbers. Restimulated splenocytes from MyD88 Ϫ/Ϫ mice induced no or very low levels of TNF, IL-6, IL-10, IL-1␤, and MIP-2 independent on staphylococcal Lpp (Fig. 3F) . Consistent with the lack of cytokines and chemokines (data not shown), livers had no granulomas F, One day after infection, isolated splenocytes were restimulated with the corresponding strain for 24 h in vitro. TNF, IL-6, IL-10, IL-1␤, and MIP-2 in supernatants were analyzed by ELISA. G, Histological analysis of H&E-stained liver sections 9 days after infection. Data for TLR2 Ϫ/Ϫ and MyD88 Ϫ/Ϫ mice are represented as means Ϯ SD for weight loss and cytokines and median for CFU/mg of five to six mice per group. Significant differences between wt and ⌬lgt are indicated as follows: ‫,ء‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.01; ‫,ءءء‬ p Ͻ 0.001. (Fig. 3G) . Thus, the absence of inflammation was not only accompanied by an increase in bacterial load, but also by an atypical distribution of S. aureus into organs. However, as summarized in Table I , Lpp allow a better bacterial growth independently of host TLR2 and MyD88 signaling.
Maturation of Lpp is required for S. aureus growth and iron uptake in vitro and ex vivo
We showed that differences in growth of SA113 wt and ⌬lgt in vivo were not dependent on Lpp-TLR2-mediated immune responses. Since many S. aureus Lpp are involved in iron transport (1, 36), we investigated the role of Lpp maturation in iron acquisition and growth in vitro. As expected, neither SA113 wt nor ⌬lgt were growing within 48 h in iron-depleted RPMI 1640 (not shown). Supplementation of iron-depleted RPMI 1640 with FeSO 4 , FeCl 3 , and iron dextran permitted better growth of SA113 wt than ⌬lgt (Fig. 4A) . SA113 ⌬lgt died in FeSO 4 -supplemented RPMI 1640 and was growing less well than wt in the presence of FeCl 3 or iron dextran (Fig. 4A ). This suggests a benefit of Lgt expression for growth and maximal acquisition of iron.
Since transferrin is saturated to 60% in mice (37) and serves besides heme as an iron source for S. aureus (7), we examined whether Lpp maturation improves utilization of transferrin-bound iron by using plasma as growth medium. We found no differences in growth of SA113 wt and ⌬lgt in plasma (Fig. 4B) .
To confirm that improved growth of SA113 wt was a consequence of better iron uptake, we exploited the iron-dependent antibiotic streptonigrin. SA113 wt grown under iron-limited conditions in RPMI-DIP were more sensitive to streptonigrin and showed a 2.5-fold higher 55 Fe uptake than ⌬lgt or nonrestricted SA113 strains, indicating that Lpp improved iron uptake (Fig. 4, C  and D) . Lpp also affected iron uptake during infection since ex vivo SA113 wt from C57BL/6 kidneys was more sensitive to streptonigrin than ⌬lgt (Fig. 4E) . Taken together, our results indicate that Lpp maturation is a prerequisite for maximal iron acquisition of S. aureus in vitro and in vivo. , and MyD88 Ϫ/Ϫ mice, which are grouped according to infection with either S. aureus wt or ⌬lgt and according to the iron treatment. We introduced a ranking to facilitate comparison of all groups. Median, quartile 1 (Q1), and quartile 3 (Q3) were calculated from each column including all groups and ranks were assigned: Ϫ, x Յ Q1; ϩ, Q1 Ͻ x Յ median; ϩϩ, median Ͻ x Յ Q3; ϩϩϩ, x Ͼ Q3. Total disease rank is the sum of ranks (ϩ) per row, with a maximum of 15.
Lpp allow bacterial growth of iron-restricted S. aureus in MyD88
Ϫ/Ϫ mice Lpp enhanced 55 Fe uptake of S. aureus after iron restriction in vitro, suggesting an up-regulation of Lpp under these conditions. Therefore, we expected a Lpp-mediated growth advantage of SA113 wt in vivo. We cultured SA113 wt and ⌬lgt under iron-restricted conditions before infection. Iron restriction of SA113 wt and ⌬lgt caused a transient weight loss of 10% and complete weight recovery of C57BL/6 mice on day 9 (Fig. 5A) . The reduction of intrabacterial iron abolished the differences between SA113 wt and ⌬lgt in bacterial load (Fig.  5B) as well as in liver infiltrates and abscesses (data not shown). This indicates that the Lpp-dependent advantage of SA113 wt in C57BL/6 mice ( Fig. 2) was not due to iron acquisition in the immunocompetent host.
We hypothesized that the iron-restricted SA113 wt was unable to grow higher than ⌬lgt in C57BL/6 mice due to iron restriction induced by strong MyD88-dependent inflammation. Indeed, bacterial load of iron-restricted SA113 wt was higher than ⌬lgt after infection of MyD88 Ϫ/Ϫ mice (Fig. 5D ).
MyD88
Ϫ/Ϫ mice infected with SA113 wt showed a weight loss of 11%, and those infected with ⌬lgt maintained weight (Fig.  5C ). Infiltrates and abscesses in the liver were rare with both strains (not shown). These results are summarized in Table I . They suggest that for the growth-promoting effect of Lpp, S. aureus requires iron before infection to ensure immediate iron availability in the host, who efficiently sequesters iron by a MyD88-dependent mechanism.
Lpp are dispensable for bacterial growth in iron-overloaded MyD88
Ϫ/Ϫ mice
We next investigated whether iron overload abrogates the growth defect of SA113 ⌬lgt in the presence or absence of MyD88 signaling.
Therefore, we injected iron dextran in C57BL/6 and MyD88 Ϫ/Ϫ mice before infection with SA113 strains grown under normal conditions. During infection, SA113 wt caused 27% weight loss in iron-overloaded C57BL/6 mice, while ⌬lgt caused a transient weight loss of 20% and a regain of weight after day 5 (Fig. 6A) . Iron overload did not improve virulence of ⌬lgt compared with wt as shown by lower bacterial load in all organs and less abscesses in liver after infection of C57BL/6 mice (Fig. 6, B-D) . Although SA113 ⌬lgt caused similar numbers of infiltrates as wt (Fig. 6C) , the benefit of Lpp was observed by accumulation of iron in infiltrates after infection with SA113 wt (Fig. 6D) .
In contrast, in iron-overloaded MyD88 Ϫ/Ϫ mice, SA113 wt and ⌬lgt caused a slow progression of weight loss to ϳ17% on day 9 (Fig. 6E) . Bacterial numbers of SA113 ⌬lgt attained similar levels as wt in all organs of infected mice (Fig. 6E) . These results are summarized in Table I and show that under high iron levels, Lpp maturation is dispensable for growth in the MyD88-deficient host but is required for growth in organs of the immunocompetent host.
Lpp in strain Newman act in a proinflammatory manner and enhance virulence in MyD88
Ϫ/Ϫ mice Bubeck Wardenburg et al. observed a reduced virulence of S. aureus Newman wt compared with ⌬lgt, which they explained by escape from host defense (23) . We wanted to assess whether the growth-promoting and virulence-enhancing effect of Lpp, observed with SA113, was also seen with the staphylococcal enterotoxin B-producing Newman strain (38) . With Newman wt and its isogenic ⌬lgt mutant, we found macrophages activated in a Lppand TLR2-dependent manner (data not shown). Results were similar to those observed with SA113 and as published earlier with heat-killed Newman wt and ⌬lgt (23) . Systemic infection with 1 ϫ 10 8 CFU of the Newman wt and ⌬lgt led to 100% and 20% death of C57BL/6 mice within 24 h, respectively; however, all ⌬lgt-infected mice died within 32h (supplemental Fig. 1A) . 4 With a nonlethal inoculum of 1 ϫ 10 6 CFU per mouse, Newman wt caused a more severe weight loss than did ⌬lgt (supplemental Fig.  1B) . Newman wt caused a higher bacterial load in liver and kidneys and induced more IL-6 in mouse plasma than did ⌬lgt (supplemental Fig. 1, C and D) . In restimulated splenocytes isolated 1 day after infection of C57BL/6 mice, TNF, IL-6, IL-10, IL-1␤, and MIP-2 were partially or completely dependent of staphylococcal Lpp (supplemental Fig. 1E ).
To examine whether Lpp can enhance growth in the absence of inflammation, we infected MyD88 Ϫ/Ϫ mice with Newman wt and ⌬lgt. Newman wt-infected MyD88 Ϫ/Ϫ mice died significantly earlier and surviving mice lost more weight than did ⌬lgt-infected animals (supplemental Fig. 2, F and G) . Additionally, after growth in iron-depleted medium we observed a higher streptonigrin susceptibility of Newman wt than ⌬lgt in vitro (supplemental Fig.  1H ), suggesting an improved iron acquisition by Lpp in ABC transporters as observed for SA113 strains. Our data show that Lpp of both S. aureus strains, Newman and SA113, induce not only a TLR2-mediated immune response but exert also a growth-promoting effect.
Discussion
We have evaluated the function of mature Lpp in staphylococcal immunopathogenesis. Using the low-virulent S. aureus strain SA113, we have shown that inflammation in vitro and in the immunocompetent host in vivo is dependent on Lpp. On the one hand, we show that mature Lpp elicit a strong cytokine and chemokine response by activating TLR2 early. Lpp activate other MyD88-signaling receptors late (e.g., via IL-1␤ and IL-1R), which is required for a potent antimicrobial defense of the host. On the other hand, our data show that mature Lpp allow better growth through iron acquisition. Iron availability before infection ensured Lpp-mediated growth advantage of S. aureus in the absence of MyD88 signaling, which was counteracted by inflammation in the immunocompetent C57BL/6 mouse. However, this advantage was abrogated when additional iron was available during infection, suggesting that the MyD88-deficient host could not efficiently restrict iron.
Our study shows that Lpp are responsible for early induction of cytokines by viable S. aureus and enhance late IL-1␤-mediated inflammation in macrophages by TLR2 signaling in vitro. Our data are in agreement with previous reports showing that Lpp of viable SA113 wt and heat-killed Newman wt induce cytokines in a monocyte cell line and macrophages, respectively (1, 23) . The strongest Lpp-TLR2 dependence was found for IL-1␤, which is involved in neutrophil recruitment and consequently for killing of S. aureus in skin infection (39) . Since we found macrophage activation to be completely MyD88-dependent, S. aureus uses TLR2 mainly as an early receptor, and other receptors such as IL-1R (40) and possibly TLR9 participate late (30, 41) . Additionally, we confirmed the exclusive activation of TLR2 by Lpp and not LTA in viable SA113, which was already observed after purification of staphylococcal LTA and Lpp (10, 13, 18) .
TNF, IL-6, IL-10, IL-1␤, and MIP-2 are important mediators in sepsis (35) and were detectable in our systemic infection model. Using SA113 wt, we found that Lpp induced IL-1␤ production in spleen, consecutively late chemokines in spleen, and strong recruitment of monocytes into liver with formation of granulomas. IL-6 and other cytokines in plasma were independent of Lpp, except for a very early time point of 1 h after infection, indicating a local regulation of the inflammation by Lpp. A local regulation by Lpp may also explain the comparable disease course after infection with either SA113 wt or ⌬lgt. Interestingly, the Lpp-related inflammation was associated with a higher bacterial load in organs, demonstrating that in SA113 Lpp maturation is involved in persistence of S. aureus infection. Lpp in strain Newman similarly promoted virulence, which was visible as stronger weight loss, pronounced inflammation in the spleen, acute phase reaction in plasma, and growth advantage in liver and kidneys. Our results cannot confirm the previously observed enhanced virulence of ⌬lgt (23) . The discrepancy may originate in the application route or the different generation of the Newman ⌬lgt mutants.
To our knowledge, a study addressing the question whether a host response in systemic infection is mediated by staphylococcal Lpp and by TLR2 is missing. Using TLR2
Ϫ/Ϫ mice, we show that recognition of staphylococcal Lpp by TLR2 allows inflammation, limits bacterial growth, and improves recovery of weight in SA113 wt-infected mice. Infection with SA113 ⌬lgt was completely unaffected by TLR2. In agreement with Takeuchi et al. (30) , we found that Lpp-TLR2 signaling restricted bacterial load only in kidneys, but not in spleen and liver. We propose an organ-specific TLR2-mediated response, but an overall moderate role of TLR2 signaling in S. aureus sepsis, as earlier published for staphylococcal skin infections (40) .
Consistent with previous studies, S. aureus wt caused distinct clinical results in MyD88 Ϫ/Ϫ mice with delayed appearance of severe symptoms and higher bacterial load compared with C57BL/6 mice (30, 40) . Unexpectedly, in MyD88 Ϫ/Ϫ mice SA113 and Newman ⌬lgt still induced a milder disease than wt, excluding the contribution of other Lpp-TLR2-independent cytokines to the lower bacterial load of ⌬lgt. While in most organs the lack of MyD88 allowed bacterial growth, bacterial numbers of SA113 were low and granulomas were absent in the liver of MyD88 Ϫ/Ϫ mice. Failure of chemokine induction and leukocyte infiltration possibly prevented bacterial hiding in MyD88 Ϫ/Ϫ mice and enabled bacterial killing in livers. In contrast, lack of MyD88 allowed a much stronger bacterial growth in kidneys and knees, which suggests that MyD88-induced effects protect the host in the kidney, but not in the liver.
However, bacterial numbers of SA113 wt in liver and other organs of MyD88 Ϫ/Ϫ mice were higher than those of ⌬lgt, which points toward an Lpp-mediated growth advantage of SA113 wt in an inflammation-impaired host. The liver is the primary organ for iron storage and heme recycling. S. aureus preferentially utilizes iron from heme by the Hts and Isd transporters, which contain Lpp (7). In our SA113 ⌬lgt mutant, these transporters consist of nonmature Lpp HtsA and IsdE, which might be impaired in function. Therefore, it can be expected that nonmature HtsA and IsdE contribute to the reduced bacterial load in the liver of MyD88 Ϫ/Ϫ mice. Accordingly, a deletion mutant in the htsB gene was previously shown to be associated with reduced abscess formation and bacterial numbers in the liver (7) . In line with these findings, we experimentally confirmed that Lpp deficiency slowed growth of S. aureus ⌬lgt mutants under iron-restricted conditions in vitro and also diminished streptonigrin susceptibility in vitro and ex vivo due to decreased iron ( 55 Fe) acquisition. Our finding is strengthened by the fact that Lpp maturation improves iron uptake in S. pneumoniae, as suggested by higher streptonigrin sensitivity of ⌬lspA than wt (26) . Reduced iron uptake likely also explained the enhanced streptonigrin sensitivity that we observed with Newman ⌬lgt and may explain the growth defect of a Newman ⌬lgt mutant in whole blood and macrophages described earlier (23) .
From these findings we conclude that the growth deficiency of S. aureus ⌬lgt in the organs of C57BL/6, TLR2 Ϫ/Ϫ , and especially in inflammation-impaired MyD88 Ϫ/Ϫ mice was due to reduced iron uptake and storage. Support for our hypothesis was provided by the demonstration that iron overload in MyD88 Ϫ/Ϫ mice reversed the growth defect of ⌬lgt. Both SA113 wt and ⌬lgt became more virulent, but the bacterial load increased only in ⌬lgt infection above the level reached in MyD88 Ϫ/Ϫ mice under normal diet. However, we cannot exclude that the immunocompetent host may affect growth of ⌬lgt by reducing availability of other nutrients such as oligopeptides, Cu, or Zn (42) . Also, Lpp-related uptake of other nutrients and metals (1) may contribute to growth of ⌬lgt in MyD88 Ϫ/Ϫ mice in vivo. We previously found precursor Lpp accumulated in the supernatant of SA113 ⌬lgt in vitro (1), indicating less strong anchoring or LspA-independent processing of precursor Lpp in SA113 ⌬lgt. High iron concentrations probably saturated the iron uptake systems of ⌬lgt before release of pro-Lpp and thus allowed better growth of ⌬lgt in the MyD88-deficient host.
Immunocompetent C57BL/6 mice can utilize many pathways to sequester iron in macrophages upon infection. Cytokines enhance iron storage by inducing ferritin synthesis and erythrophagocytosis due to up-regulation of iron importer and reducing iron exporter molecules (43) . Additional inflammation-dependent restriction of iron is achieved by increase of transferrin saturation, as well as by PMN granule release of lipocalin and lactoferrin (43, 44) . All these mechanisms may explain that only S. aureus wt, but not ⌬lgt, was able to profit from the iron overload in C57BL/6 mice. The competition for iron between host and pathogen was further demonstrated by infection with iron-restricted S. aureus. SA113 wt without intracellular stored iron did not gain advantage from Lpp for growth in organs after infection of the immunocompetent host. This suggests that S. aureus has to store iron prior to infection to grow in organs and to resist PMN killing in vivo. However, in the absence of MyD88, iron-deprived SA113 wt won the race for iron over the host, and Lpp conferred a growth advantage during infection. In the absence of inflammation, cellular iron retention was probably failing; for example, hepcidin, the iron retention molecule in the liver, was low, as published for S. pneumoniae (45) . Under these circumstances, Lpp permitted growth of S. aureus during infection.
In conclusion, we have demonstrated that, on the one hand, recognition of Lpp by TLR2-MyD88 signaling controls systemic infection and organ-specific early immunity in the host. On the other hand, as summarized in Table I by the total disease ranks, we showed that Lpp of SA113 wt enhance growth 1) in untreated C57BL/6, TLR2 Ϫ/Ϫ , and MyD88 Ϫ/Ϫ mice, 2) of irondepleted staphylococci in the absence of MyD88-mediated inflammation, and 3) in iron-overloaded immunocompetent C57BL/6 mice. Therefore, evolution may select for S. aureus with lipidated Lpp.
